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ABSTRACT
Existing laboratory data on cover-plated beams tested near
the ·crack growth threshold (fatigue limit~ is reviewed and evaluated.
This includes both constan.t and variable-amplitude data on 12 in.
(304.8 rom) and 14 in. (355.6 rom) deep beams with welded cover plates,
and the few full scale beams tested to date. This examination indi-
cates that the constant-amplitu.de fatigue limit for small scale beams
is about 4.5 ksi (31.0 MFa). w~en subjected to random variable stress
cycles, the test data confirnls that stresses below the constant-
amplitude fatigue limit contribute to crack growth. The available
tests suggast that no fatigue Itmit exists when some of the stress
cycles in a spectrum exceed the constant cycle fatigue limit.
Extensive fatigue crack growth has been observed at the weld
toe termination of cover-plated beams at the Yellow Mill Pond Bridges.
A fractured beam was first discovered in 1970 and the two adjacent
beams were found to be cracked as we~l in 1970. Additional fatigue
cracks have been detected since that time.
Forty details were inspected in span 10 during the summer of
1976 during the Phase I studies on NCHRP Project 12-15/2. Indications
of cracking were found at 22 details. Stress history studies 1 ,2 indi-
cate that cracking has occurred at stresses which are well· below the
assumed fatigue crack threshold which was developed from constant-
amplitude tests of small scale beams. These fatigue cracks were
vi
detected by visual (lOX magnification) and also confirmed by ultrasonic
inspection. The largest cracks detected in span 10 were 0.5 in.
(12.7 rom) deep. Cracks less than 0.1 in. (2.5 rom) deep could not be
verified by ultrasonic inspection.
In this study the results of field observations and measure-
ments have been evaluated on the basis of existing laboratory test data
under variable and constant-amplitude stress cycles •. This study sug-
gests that full scale cover-plated beam bridges subjected to random
variable stress range cycles will eventually crack if subjected to suf-
;
ficient numbers of stress cycles. Stress cycles below the constant
cycle fatigue limit appear to contribute to crack growth when any
stress cycles in the stress spectrum exceed the crack growth threshold.
It is suggested that full scale cover-plated beams currently
in service will require retrofitting in the future depending on the
traffic they are subjected .to and their age.
vii
1. INTRODUCTION
The possibility of fatigue cracking at cover-plated beam de-
tails was clearly demonstrat·ed by the AASI-IO Road Test 4 • In this test
cracking occurred at relatively high service stress ranges. Laboratory
fatigue tests as documented in NCHRP Reports 102 and 147 have been used
to define the design fatigue strengths of a wide range of details
including cover-plated beams 5 •
In 1970 fatigue cracking was first observed at the Yellow
Mill Pond Bridge on Connecticut Interstate Route 95. Fatigue crack
growth had r~sulted in complete fracture of the tension flange of a
cover-plated beam in span 11. Inspection of two beams adjacent to the
fractured beam indicated fatigue cracks had propagated halfway through
their tension flange. Also, small cracks were visually observed (lOX
magnification) at several other beams. Nondestructuctive verification
could not be obtained for these smaller cracks using ultrasonic
methods, dye penetrant, or magnetic particle inspection procedures. A
reexamination in 1973 provided confirmation that a c~ack existed at one
cover plate detail. More recently a detailed inspection \Vas conducted
of the beams in the eastbound and westbound span 10 bridges. This
exami.nation was undertaken prior to retrofitting these structures as
part of NCHRP Project 12-15(2) - "Retrofitting Procedures for Fatigue-
~
Damaged Bridge Members."
Stress history studies have also.been conducted on the Yellow
Mill Pond structures by the Fe~eral Highway Administration (FHWA) and
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the Connecticut Department of Transportation (CONNDOT) in July 1971 and
from April 1973 to April 1974 1 ,2.
For the past five years laboratory studies have been carried
out at Lehigh University as part of Pennsylvania Department of
Transporation (PennDOT) Research Project 72-3 in an effort to establish
the high cycle fatigue strength of welded bridge details. Tests have
also been undertaken at U~ s. Steel Corporation on small scale cover-
plated beams as part of NCHRP Project 12-12 under random variable
loading6 • In addition, full scale beams were tested to determine their
fatigue and fracture resistance as part of Deparment of Transportation
, Project DOT-FH-11-8271 "Determination of Tolerable Flaw Sizes in Full
· Size Weldments.,,7 Hence; available laboratory data and actual field
data on the stresses and cracking of full scale bridge members provide
a unique opportunity to define the high cycle fatigue resistance of
the full scale cover-plated beam detail.
1.1 Objectives
The principal objectives of this report are:
1. To review and investigate the initiation and growth of fatigue
cracks from the weld toe of full size cover-plated beams and
to correlate the results of existing laboratory and field
studies on full size and smaller scale cover-plated beams.
2. To correlate the results of this evaluation with the observa-
tions and knowledge of the cracks detected in span 10 of the
Yellow Mill Pond Bridges.
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3. To review and evaluate the expected residual fatigue lives
of other full size cover~plated beam details in the highway
system.
1.2 Factors Influencin~EatigueLife
A number of factors are known to influence fatigue life.
These include frequency, size and di.stribution of initial cracks,
crack shape, specimen geometry, effective tensile stress range, stress
concentration, the relationship between stress intensity range and
crack growth rate, threshold stress intensity range, number and fre~
quency of stress cycles, and environment. These factors are all
examined in this study in an effort to determine why extensive fatigue
crack growth was experienced in the Yellow Mill Pond Bridge beams.
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2. HIGH CYCLE FATIGUE STUDIES OF COVER-PLATED DETAILS
For the past five. years laboratory studies have been ca.rried
out at Lehigh University as part of Pennsylvania Departme~t of'., .
Transportation (PennDOT) Research Project 72-3 in an effort to esta-
blish the high cycle fatigue strength of welded bridge details. This
project involved the testing of small scale cover-plated beams (W14X30).
Tests have also been undertaken at U. S. Steel Corporation on similar
cover-plated beams as part of NCHRP Project 12-12 under random variable
loading 6 • Several full scale beams were also tested at Lehigh to
determine their fatigue and fracture resistance as part of Department
of Transportation Project DOT-FH-11-8271 "Determination of Tolerable
Flaw Sizes in Full Size Weldments." The results of all of these tests
are summarized hereafter.
2.1 Constant-Amplitude Tests
In NCHRP Project 12-7, twelve end-welded cover-plated beam
details were tested at a stress range of 8 ksi (55.2 MFa) and two
details were tested at 6 ksi (41.4 MPa). The minimum stress, stress
range, and cycles to failure are summarized in Table 1. Both rolled
and welded W14X30 beams were tested. The cover plates for the CR and
CW series beams were 0.563 in. (14.3 mm) thick$ The cover plates for
the CT series beams were 0.75 in. (19.1 mm) thick. The transverse weld
leg size was 0.25 in. (6.4 rom) for all beams.
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In PennDOT Project 72-3, thirteen rolled beams were tested at
stress ranges between 4 ksi (27.6 MPa) and 8 ksi (55.2 MFa). These
beams were comparable to those tested in NCHRP 12-7. The minimum
stress, stress range, and cycles to failure are summarized in Table 2.
Five beams were cycled to 100,000,000 cycles without detecting fatigue
cracking. TIle lowest stress range at which fatigue failure was
observed was 4.7 ksi (32.4 MPa). The results of all constant-cycle
fatigue tests at a stress -range of 6 ksi (41.4 MPa) or less from
Projects 72-3 and 12-7 are plotted in Fig. 1. The beam failures gen-
erally fall within the extension of the 95% confidence limits of the
mean regression lin~ (Eq. 1) for all end weld cover plate failures
reported in NCHRP Report 102.
log N 9.2916 3.0946 log S
r
(1)
where
s = 0.1006
S = stress range, ksi
r
N cycles to failure
s = standard error of estimate
The 95% confidence limits in Fig. 1 are approximated as twice the
standard error of estimate on each side of the mean regression line.
The only fatigue tests available on full sized cover-plated
beams were conducted on DOT Project DOT-FH-11-8271 7 • Six beams were
tested at a stress range of 8 ksi (55.2 MFa). The stress range and
cycles to failure are listed in Table 3. These beams were fractured
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at reduced temperatures prior to complete fatigue failure, but esti-
mates indicate that the residual fatigue life at fracture was negli-
gible. The A36 and A588 rolled beams were W36X260 and W36X230 sections
respectively. The A514 beams were welded built-up shapes with a depth
of 36 in. (914.4 rom) and a 1.5 in. (38.1 ffim) thick flange. All cover
plates were lin. (25.4 rom) thick with a weld leg size of 0.75 in.
(19.1 mm).
The results of these tests on full scale beams are plotted
in Fig. 2 and compared with the mean and confidence limits for the
smaller beams te~ted. It is readily apparent that these beams exhib-
ited less fatigue strength. The lower confidence limit for beams with
cover plates wider than the flange 16 is seen to provide a lower bound
estimate of the full scale beams fatigue strength. The beam nearest
the lower confidence limit had a 0.5 in. (12.7 rom) deep crack when
first detected.
2.2 Variable-Amplitude Tests
In NCHRP Project 12-12, twelve end-welded cover plates were
tested at an equivalent Miner stress range less than 6.0 ksi
(41.4 MPa)6. The variable-amplitude stress range distribution used in
this study satisfied a Rayleigh probability-density curve. The beams
were the same size as those tested" on NCHRP 12-7. Wh~n testing was
discontinued, all of the cover plate welds were cracked, but three of
the cracks had not propagated completely through the flange and
exhausted all fatigue life. The test results are listed in Table 4.
-6-
One variable-amplitude fatigue test was carried out at
Lehigh on a Wl2X36 cover-plated beam. A Rayleigh probability-density
distribution was applied with a Miner stress range of 4.82 ksi
(33.2 MFa). The results of this test are also listed in Table 4.
The results of the variable-amplitude t~sts which were con-
ducted at a Miner equivalent stress range less than 6.0 ksi (41.4 MFa)
are plotted in Fig. 3. These failures generally fall within the exten-
sian of the 95% confidence limits determined for end-welded cover-
plated beams under constant-amplitude loading.
,
Two beams failed at a Miner equivalent stress range below the
constant-amplitude threshold. These are plotted in Fig. 3 as the closed
dots (3 ksi) considering all stress cycles in the spectrum. The test
data from all beams is also plotted in Fig. 3 considering only cycles
of stress greater than the constant~amplitude threshold stress range.
These values are plotted as open symbols and are also summarized in
Table 5. The damage caused by stresses greater than 4.5 ksi (31.0 MFa)
adequately predicted the fatigue failures for all the beams except the
failures at a Miner stress range of 3.0 ksi (20.7 MFa). This indicates
that at details with low average stress ranges the damage caused by
those stress events less than the constant-amplitude threshold can be
significant. Gurney has estimated this effect by considering the
effect of increasing crack size and the decrease in number of damaging
stress cycles 27 • This will place the data points between the extremes
shown and does not appear to account for all the damage at the lower
stress range.
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3. REVIEW OF INSPECTION AND STRESS HISTORY MEASUREMENTS
AT YELLOW MILL POND BRIDGE
3.1 Descri~tion of Structure
The Yellow Mill Pond Bridge is located on Connecticut Inter-
state Route 95 in the City of Bridgeport. Construction started in 1956
and was completed in 1957. It was opened to traffic January 1958.
This bridge consists of 28 simple~span cover-plated steel beam bridges
crossing the Yellow Mill Pond Channel (fourteen in each direction of
traffic). Stress measurements and detailed inspections have been con-
ducted at several intervals of time at the eastbound and westbound
bridges of span 10. Span 10 is similar i.n construction to span 11
where cracking was first observed in 1970. The beams are readily
accessible from below and several beams of the eastbound structure
were suspected of having small cracks- as early as 1970. A crack was
confirmed at one location during an inspection in 1973.
Each bridge carries three lanes of traffic. The position of
the beams and diaphragms in span 10 are shown in Fig. 4. The dimen-
sions of each of the ·members shown in Fig. 4 are lis"ted in Table 6.
The external facia beam (M88) of the eastbound bridge is skewed to pro-
vide for an off-ramp on span 9. Both roadways were designed as com-
posite sections for HS20 loading l •
The M series beams in span 10 are sized W36X230, W36X280, or
W36X300 and were rolled from A242 steel. All of these beams,
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except the interior facia beam of the eastbound roadway (M86) are
fitted with two cover plates (primary and secondary) on the tension
flange and a single cover plate on the compression flange. The pri-
mary cover plates for the exterior facia beams (M83 and M88) of both
roadways are full length. All other cover plates are partial length
as listed in Table 6. The interior facia beam of the eastbound roadway
(M86) is fitted with one partial length cover plate on the tension
flange and no cover plate on the compression flange.
The cover plate ends are not tapered. The corners are
rounded to a radius of 3 in. (76.2 rum). For all cover plates the nomi-
nal fillet weld leg size is 0.5 in. (12.7 rom) at the ends and for a
distance of 2 ft. (0.61 m) along the edges. Measurements of this weld
in the field confirmed a weld leg size bet\veen 0.5 - o. 6 in.
(12.7- 15.2 mm). The remaining fillet weld leg size along the cover
plate edge is 0.313 in. (7.9 rom). Figure 5 shows a sketch of a typical
cover plate end weld detail. End welds connecting a cover plate to a
rolled section were classified as primary details. End welds connect-
ing a secondary cover plate to a primary cover plate were classified as
secondary details.
Both bridges of span 10 have 7.25 in. (184.2 rom) reinforced
concrete decks with a 1 percent positive gradient to the west. A'
bituminous concrete overlay-was placed on the concrete deck of both
bridges in 1969 1 •
-9-
3.2 Nondestructive Crack Inspection
In October-November 1970, during cleaning and repainting of
the Yellow Mill Pond Bridge, one of the cover-plated steel beams on
the eastbound bridge on span 11 was found to have a large crack l • The
crack had developed at the west end of the primary cover plate on
Beam 4. It had grown from the toe of the cover plate transverse fillet
weld into the tension flange and up 16 in. (406.4 rom) into the web.
A visual inspection (lOX magnification)· showed that Beams 3
and 5 in span 11 of the eastbound roadway which were adjacent to the
casulty girder had cracks along the cover plate end. These cracks were
subsequently verified by ultrasonic testing and a depth of penetration
equal to 0.625 in. (15.9 rom) was measured. They were about half the
flange thickness in depth and were found to have a semiel1iptical
shape. An indication of possible fatigue cracking was also observed at
five other details on span 10 and two' on span 11. No ultrasonic con-
firmation could be obtained at the other possible crack locations.
In December 1970, after the detailed inspection, a section
of the fractured gir4er was removed and all three damaged girders were
subsequently repaired with bolted web and flange splices. The section
of fractured girder was taken to Lehigh University by J. W. Fisher for
the purpose of investigating the fracture surface and determining the
material characterization. The results of the material characteriza-
tion t~sts are presented in Appendix A.
In November 1973, the east end of Beams 2 and 3 in the east-
bound roadway of span 10 ·were inspected again by J. W. Fisher for
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fatigue damage. This was the first inspection at Beam 2. An indica-
tion of possible cracking was observed at Beam 3 in 1970. Cracks were
detected visually in both girders at the toe of the primary cover plate
transverse weld. A magnetic crack definer 8 indicated that the crack
in Beam 2 was approximately 0.375 in. (9.5 rom) deep at one point. The
magnetic crack definer could not verify the presence of a crack in
Beam 3.
In June 1976, forty cover plate details in the east and west-
bound span 10 bridges were inspected for fatigue cracking using visual,
magnetic particle, dye penetrant, and ultrasonic procedures prior to
retrofitting these girders during Phase I of NCHRP Project 12-15(2).
Twenty-two of these details were found to be cracked by visual inspec-
tion. The smallest visual ·crack indication was 0.25 in. (q.4 rom) long.
Fifteen ·of these cracks had propagated deep enough to be detected by
ultrasonic inspection.
To inspect for cracks it was first necessary to blast clean
and remove paint, dirt, and oxide which had accumulated in the weld toe
region. The visual (lOX magnification), magnetic particle, and dye
penetrant inspection provided data regarding the length of the surface
cracks. The magnetic particle inspection was discontinued after exam-
ining several cover plates due to difficulty in working with the probe
in the overhand position.
The ultrasonic inspection provided data regarding both the
length and depth of cracks. Cracks at the weld toe smaller than ap-
proximately 0.1 in. (2.5 mm) deep could not be reliably detected by the
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ultrasonic probe. The deepest crack depth indications of 0.5 in.
(12.7 rom) were found at the west end of the eastbound span 10 bridge
in Beams 3 and 7. Comparisons of estimated crack depths from ultra-
sonic inspection and actual measured crack depths after a fracture sur-
face was exposed indicate that deviations 'of ±0.063 in. (1.6 mm) are
possible 3 •
Figure 6 shows the approximate location of the details which
were inspected in span 10 and summarizes the findings. The crack
inspection history for span 10 is summarized in Table 7. Nine details
in span 11 were ~lso visually inspected. Indications of cracking were
found at seven details. Very large cracks were observed at the east
end of Beam 5 of the eastbound bridge ,and Beam 4 of the westbound
. bridge - span 11.
In November 1976, a brief inspection was made by J. W. Fisher
at span 13. Four large cracks were detected without removing the
paint. These cracks were first observed with field glasses from the
ground. It is believed that these cracks must be approximately 6 to
10 in. (152.4 to 254.0 rom) long and about 0.5 in. (12.7 rom) deep for
the crack to break the paint film at the weld toe. This condition is
probably also related to the ambient temperature. Decreasing tempera-
tures cause a more brittle paint coat and increase the likelihood of
the paint to crack.
3.3 Stress History Studies
The eastbound and westbound bridges of span 10 in the Yellow
Mill Pond viaduct were selected for the test spans in two major stress
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history studies. Both studies were conducted by the State of Connecticut
(CONNDOT) and the Federal Highway Admini.stration (FHWA). The first
study was conducted in July 1971 1 and the second from April 1973 to
April 1974 2 •
In the July 1971 study electrical-resistance strain gages
were placed at two principal locations on each of the interior beams.
One gage was placed at midspan and the other gage was placed 4 in.
(101.6 rom) from the end of the primary cover plate. On the eastbound
and westbound bridges the gages were placed at the west and east end of
the girder, respectively. The only instrumented facia girder was Beaml
of the westbound roadway. For this beam the gages were mounted at mid-
span and 4 in. (101.6 rom) off the secondary cover plate. All of the
strain gages were placed directly under the web on either the tlange or
primary cover plate. Figure 7 shows the general layout of the gages.
An automated data-acquisition system was used to store and
tabulate the strains within certain present limits!. These strain
range limits were set to collect the data necessary to develop a stress
histogram. A strain range level of 20 micro-in/in. was used as the
minimum level of significant loading events. A strain event was re-
corded only when the minimum strain range was exceeded and the strain
returned to the zero strain range level. These requirements eliminated
the recording of loading events due to the passage of lighter vehicles
and damped vibrations.
The number of events recorded at each stress range on
span 10 at the end of the cover plate are listed in Tables 8 and 9.
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Stress histograms for these gages are shown in Figs. 8 and 9.
Truck distribution and lane counts were conducted concurrently with
the collection of stress history data at span 10. The truck distri-
bution data for both roadways is listed in Table 10. Truck weights
were also sampled 9.25 miles (15.4 km), ten exits, west of the test
span at a rest area near Westport 1 •
From April 1973 to April 1974 the stress history for the
eastbound bridge of span 10 was monitored by mechanical strain
recorders 2 • The mechanical strain recorders are a product of
,
Technology Incorporated. These instruments measure total deformation
over the recorder gage length {approximately 36 in. (914.4 rom)} which
is attached to the beam. The strain cycles are recorded in order on
a' data disk which advances after each event.
A mechanical strain recorder was attached at midspan to
Beams 3 and 4. For a two week period electrical strain gages were
also sampled at midspan for Beams 3 and 4. During this period trans-
fer functions were developed that related the data recorded simultane-
olisly by the electrical strain gages to the average strains over the
gage length recorded by the mechanical strain gages.
The mechanical strain recorders continued to collect data
from July 1973 to April 1974. The minimum recorded average strain
was approximately 60 micro-in/in.. Corrosion and sticking occurred
with many of the data disks. Based upon approximately 3400 hours of
useable recording at Beam 3 and 5400 hours at Beam 4, a cumulative
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exceedence per hour curve was constructed (see Fig. 10). Using the
transfer functions developed during the two week study, the equivalent
strains at midspan are plotted in Fig. 11 along with the electrical
strains recorded at midspan for Beams 3 and 4 during the July 1971
study. The minimum mechanical recorder average strain (approximately
60 micro-in/in.) when corrected for midspan by the transfer function
results in a midspan strain of approximately 110 micro-in/in. The very
large minimum strain for the mechanical recorder makes comparison be-
tween the two studies very difficult as can be seen in Fig. 11. How-
ever, Fig. 11 do~s suggest that slighly higher stress range events did
occur over the extended time period in 1973, than measured during the
1971 study.
A limited strain history record was obtained for the east-
bound bridge of span 10 in June 1976. Electrical-resistance strain
gages were mounted on the east end of Beams 2 and 3 and on the west end
of Beams 3 and 7, respectively. All the gages were placed on the ten-
sion flanges of the rolled beams directly under the web and 2 ·in.
(50.8 rom) off the end of the cover plate. Figure 4 shows the general
layout of the gages ..
The strain history was recorded on an oscillograph. The
gages on the east end of the bridge were monitored for about one hour
on June 23 between 1145 and 1510 hours. The gages on the west end of
the bridge were monitored for two hours, twenty-five minutes on
June 24 between 0905 and 1215 hours.
The number of events recorded in·each stress range level is
listed in Table 11. The stress. levels in Table 11 are similar to
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those used in the 1971 stress history study. The stress cycles that
occurred due to the passage of lighter vehicles and damped vibrations
were not recorded as events in Table 11. When the stress range inter-
vals were decreased and the smallest recorded strain was taken as
10 micro-in/in., the number of stress cycles increased. Table 12 shows
the resulting frequency of occurrence for the west end of Beams 3 and 7.
Table 12 could not be developed for the east end of Beams 2 and 3 since
electronic interference from a w'elding unit made the oscillograph
record difficult to read at small stress ranges. Based on Table 11 a
stress histogram for these gages is shown in Fig. 12.
A larger stress event was recroded during the stress history
sample of the west end of the eastbound bridge. Inspection of the
oscillograph trace indicated that this stress event was caused by a
multiple truck presence on the bridge. The stress' range recorded at
the end of cover plate was 10.5 ksi (72.4 MFa) for Beam 7 and the
strain trace ran off the recording paper at a stress of 7.2 ksi
(49.6 MFa) for Beam 3. The earlier studies indicated that stresses of
this magnitude would not be common. Miner and root-mean-squa~e.(R}f?)
stress values, based 'on the frequency and magnitude of strain events
recorded in the July 1971 study and the 1976 sample, are listed in
I
Tables 13 and 14. The following equations were used to calculate these
values:
(2)
SrMINER ( E u. S .3)1/31 r1
-16-
(3)
where S . is the ith stress range in the spectrum and a. is the fraction
rl 1
of stress ranges of that magnitl..tde., These stress ranges at the gage
location have been adjusted to estimate the stress ranges at the cover
plate weld.
The Miner and root-mean-square stress ranges for the July 1971
study do not differ as much as implied by the June 1976 sample. This is
partially attributable to the large stress range events recorded in the
1976 sample. The only detail where strains were monitored during both
studies was the west primary detail of Beam 3 (eastbound). Comparing
the results of both studies where the minimum recorded stress range was
0.6 ksi (4.1 11Pa), the RMS stress range was 13% higher and the Miner
stress range was 3% lower in 1971 than in 1976.
The live load stress histograms obtained at Yellow Mill Pond
are similar to the stress histograms that have been obtained at other
cover-plated beam bridges in Michigan, Virginia, Maryland, Tessessee,
and Pennsylvania9 ,lO,11,12,13. The highest measured stress range
varied from'one histogram to another, but the vast majority of these
studies indicate an effective (Miner or RMS) stress range between
1.0 ksi (6.9 MFa) and 2.0 ksi (13.8 MPa). Also, the frequency distri-
bution curve is concave from the modal stress range to the highest mea-
. ~ ~
sured stress range. The highest measured stre.s~ ·~~~&es.,·varied between
1.5 (24.1) and 6.9 ksi (47.6 MFa) which is directly comparable to the
observations at Yellow Mill Pond. Table 17 shows a summary of the peak
stress range results acquired under traffic on various cover-plated
beam bridges in the United States.
-17-
4. COMPARISON BETI~EEN LABORATORY AND FIELD STUDIES
4.1 Crack Shape Equations
Previous studies on welded details 15 indicate that the mean
rate of crack growth is related to the stress intensity range ~Y the
following equation.
~K stress intensity range, ksi lin.
da ' k h /dN = crac growt rate 9 in. cycle
(4)
Equation 5 represents a lower bound estimate for the rate of crack
(5)
Fatigue life estimates based on Eq. ·4 are 80% longer than those based
on the lower bound relationship (Eq. 5).
The calculation of stress intensity, K, can be formulated in
the following manner as discussed by Albrecht and Yamada 1 7.
K = F(a) alrra (6)
where F(a)
FE = elliptical crack front correction
FS = free surface correction
FG = stress concentration correction
FW finite width ·correction
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All of these correction factors are affected by the crack shape ratio,
a/b. The crack shape is especially important for details with high
stress concentrations 18 •
Sharp discontinuities occur frequently along a fillet weld
toe due to the inclusion of nonmetallic material 3 ,19,20. Inclusions
are caused by slag particles which are deposited in the melted base
and weld metal. These discontinuities in the high stress concentra-
tion zone at the weld toe act as crack lnitiation sites. The size of
a typical discontinuity has been estimated to be approximately
0.015 in. (0.38 rom) long and several thousandths of an inch (hundredths
of a millimeter) deep with an extremely sharp root radius of 0.,0001 in.
(0.0025 mm) or 1e8s 3 ,19,20.
Very little crack shape data is available for end-welded
cover-plated beam details, especially for full size details and at
small crack sizes. Studies·15 ,21 have been conducted to determine the
crack shape ratio at the toe of other types of fillet welds. These
studi~s~ describe the major semidiameter length, b, as a function of
the crack depth, a. Therefore, the crack shape ratio is simply a
function of crack depth. The stress intensity correction factors
indicate that the crack growth shape is dependent upon other terms
such as plate thickness and ~veld,_size18. Variations in residual
stress patterns, nonmetallic inclusions, and other man'uf~cturing-·-·cop.:-
ditions will have an additional effect on crack shape. Therefore,
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fatigue crack shapes are dependent not only on the type of detail, but
also on the size of the detail.
Multiple cracks usually occur along the toe of any trans-
verse fillet weld. Typical are the tran~verse weld toes of cover
plates and stiffeners welded to the flange. Initially these cracks,
which initiate at discontinuities are believed to grow as single
cracks. These single cracks tend to grow toward a more circular
shape 15 unless they are located in close proximity to each other. As
crack growth continues these single cracks begin to coalesce. 'Coales-
cence of single cracks into a multiple crack has been observed to ,,"
occur at crack depths as small as 0.050 in. (1.27 rom) for stiffener
details 15 • The formation of multiple cracks is random and dependent
upon defect size, population, and distribution in th~ weldment. The
crack shape ratio decreases as crack coalescence occurs along the
weld toe. This results in decreased fatigue life as the crack shape
approaches the edge crack condition.
I~ Ref. 15, crack shape data was obtained for stiffener de-
tails. The smallest crack depth found was 0.009 in. (0.23 rom). The
meall relationship for single cracks (tension and compression flange)
at stiffener weld toes was given as fol1ows 15 :
b 1.088 0.946a (7)
a = minor semidiameter, in.
b major semidianleter, in.
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This- equation is plotted in Fig. 13. Only 21% of the data base came
from crack size measurements on stiffeners welded to the flange.
These nine data points did not provide a large enough sample to model
the single crack growth of stiffeners welded to the bottom flange.
Sixteen multiple cracks at stiffeners welded to the flange
were also recorded, but not used to develop Eq. 7. Including both
the multiple and single crack data (tension and compression flange)
listed in Ref, 15 for stiffeners welded to the flange the following
equation was obtained 18 ,
b 3.284 a1 . 241 (8)
This equation is ·also plotted in Fig. 13. The inclusion of multiple
cracks into the crack growth equation results in a trend toward more
elliptical crack shapes due to coalescence.
In a study by Maddox 21 , crack shape data was obtained for a
gusset plate with a longitudinal fillet. The cracks growing from the
toe of the short transverse end of the fillet were single cracks. The
mean relationship for the measured crack shapes is given as follows:
b = 0.,1321 + 1.29 a.
This equation is also plotted in Fig. 13. These cracks are similar
to the type of cracks that would be expected at the termination of
the longitudinal fillet weld of an un~elded end cover plate detail.
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(9)
Crack size measurements were made on W36X230 and W36x260
cover-plated beams which had been fractured in the test program re-
ported·in Ref. 7. These beams are similar in size to the Yellow Mill
Pond beams. Crack size measurements were made using a lOX and 20X
microscope. The observed crack sizes are listed in Table 15 and the
crack shape ratio (a/b) VB. crack depth (a) 'is plotted in Fig. 14.
The measured crack shapes plotted in Fig. 14 show no clear correla-
tion with any of the crack shape equations from earlier studies.
An alternate view of the problem can be obtained by estimat-
ing the equilibrium crack shape for the cover plate detail. The
equilibrium shape that a single crack tends toward can be approxi-
mated by calculating the stress intensity range, bK, by Eq. 6. The
crack shape is in equilibrium when ~K is constant along the crack
front. An embedded elliptical crack is in equilibrium when alb
equals 1. A semielliptical surface flaw will tend toward a shape
other than semicircular due to the free surface correction, FS' and
the stress gra~ient correction, FG.
The free surface correction factor was assumed to be de-
fined as a semicircular surface crack in a uniform tension field 22
and was taken as:
FS = 1.211 - 0.186 ISIN ¢
<P 2: 10°
¢ is the angle shown in Fig. 15
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(10)
The crack shape correction factor, FE' is given by the fol-
lowing equation22 •
1 [ 2 2 ]1/4
FE = E(k) 1 - k COS ¢
E(k) is the complete elliptic integral of the second kind.
= j7f/2 [1 t') SIl\I2 st/2E(k) ...-- k"-' dS
where k 1 - (a/b) 2
a = minor semidiameter
b ::= major semidiameter
(11)
(12)
Zettl~oyer18 developed an approx~ate ~quation frir the
stress gradient correction factor, FG, from the toe of an end-welded
cover-plated beam.
Fe SCF (13)0.4348
1 + O. 1
1
473 (T:)
where SCF stress concentration factor
a crack depth
TF flange thickness
The stress concentration factor was calculated at the toe of the weld
for the uncracked section by the following equation 18 •
SCF
-3.539 log (TZ~) + 1.981 log (:~J + 5.798
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(14)
~where z weld. leg size
T cover plate thick.ness
cp
TF flange thickness
The calculation of FG for any position along the crack front des-
cribed by angle ¢ was approximated by substituting at as defined in
Fig. 15 for a in Eq. 13. Therefore, FG is a minimum at ~ = 90° and
equal to the stress concentration factor at ~ = 0°.
The finite width correction, FW' was assumed to equal 1.0.
The crack depth ~here single cracks exist are generally small enough
so that the back surface correct~on can be neglected. Also, FW is
approximately equal to 1.0 afor a large range of when the crackTF
shape is near semicircular2J •
An interior beam (W36X230) primary cover plate end-welded
detail was selected for the study. rhe cover plate thickness is
1.25 in. (31.8 rom), the weld leg size is 0.5 in. (12.7 rom), and the
flange thickness is 1.26 in. (32.0 rnrn). The stress concentration for
the detail when calculated by Eq. 14 is 7.22~
Near the free surface (~ ~ 10°) Eq. 10 is poorly defined,
therefore the variation in K along the crack front was observed
from ¢ equal to 10.0 to 90°. The assumed variation in FG along the
crack front is great, therefore two cases were evaluated to provid~
estimates of an upper and lower bound equilibrium crack shape. The
~rack depths for which the following results were obtained ranged
from 0.02 in. (0.5 rom) to 0.50 in. (12.7 mm).
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In the upper bound study the FG correction factor was set
equal to 1.00, FS was defined by Eq. 10, and FE was defined by Eq. 11.
The equilibrium crack shape (a/b) for this case was found to be
0.70 ± 0.05 for the range of crack sizes between 0.02 (0.5 rom) and
0.50 in.' (12.7 rom). This represents an upper bound for the equili-
brium crack shape.
In the lower bound study the FG correction factor was de-
fined by Eq. 13. FS and FE were the same as in the upper bound study.
The equilibrium crack shape (a/b) for the second case was found to be
0.40 ± 0.05. Tnis represents a lower bound for the equilibrium
crack shape.
It is reasonable to assume that the initial crack sizes
that correspond to the minimum fatigue life for the large cover-
plated beams would be in the range of 0.02 in. (0.5 rom) to 0.04 in.
(1.0 rom). The large cover-plated beam crack shapes plotted in
Fig. 14 with crack depths less than 0.04 in. (1.0 rom) are repre$en-
tative of a set of initial crack sizes. During the initial stage of
growth as a single crack the shape will approach the equilibrium
condition.
As discussed earlier coalescence of single cracks along the
crack front takes place randomly. Coalescence results in a decreased
crack shape ratio (a/b) and a subsequent decrease in fatigue life.
Coalescence takes place more rapidly along a straight weld toe than
along an irregular weld toe. Single cracks at an irregular toe tend
to grow out-af-plane with the adjacent single cracks, therefore coa-
lescence is delayed.
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The great variability of data points in Fig. 14 represents
the random nature of coalescence. Equation 15 is an approximate
lower bound for the crack shapes during the coalescence phase.
b = 5.462 1.133a (15)
Equations 4 and 15 were used to estimate fatigue life for
the primary cover plate detail of an interior beam (W36X230) at
Yellow Mill Pond. Equation 4 is the mean crack growth rate relation-
ship. An initial crack size of 0.04 .in. (1.0 mm) and a stress range
of 8 ksi (55.2 MFa) was used. The estimated fatigue life was
1.36 million cycles. This corresponds favorably with the fatigue
lives found in Ref. 7 for similar sized cover-plated beams (see
Fig. 2). The predicted fatigue life falls below the lower 95% con-
fidence limit for the smaller W14x30 end-welded cover-plated beams
reported in Ref. 16.
The lower bound estimate for the crack growth rate (Eq. 5)
was also used to predict the fatigue life for the above detail. At a
stress range of 8 ksi (55.2 MPa) the estimated fatigue life was
0.75 million cycles. This lower bound estimate of fatigue life cor-
responds favorably with the early indications of cracking for the
full scale beams in Ref. 7 and the lower 95% confidence limit for
cover plates wider than the flange (see Fig. 2).
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4.2 Crack Growth Threshold
The cover-plated beams which were tested in developing the
AASHTO fatigue specification were rolled or welded W14X30 16 • The
design stress range threshold for Category E was estimated to be 5 ksi
(34.9 MFa). The constant-amplitude fatigue tests since conducted at
Lehigh University on W14X30 end-welded cover-plated beams indicate a
stress range threshold of 4.5 ksi (31.0 MFa) as was shown in Fig. 1.
j
The variable-amplitude fatigue tests as summarized in
Chapter 2 and shown in Fig, 3 indicate that the crack growth thresh~
old stress range (modal, RMS, and Miner) under variable loading is
below the constant~amplitude threshold. Also, the root-mean-square
and Miner equivalent stress range from the variable cycle tests fall
within the extension of the 95% confidence limits for end-welded
cover~plated beams under constant-amplitude loading 16 •
In constant-amplitude tests, Paris has shown that the
stress intensity threshold, ~~h' is mean stress dependent 23 • R is
defined as the ratio of minimum stress to the maximum stress. As the
mean stress or R ratio increases the stress intensity threshold de-
creases. For A533B steel at R ratios of 0.1 and 0.8, ~KTh equals 7.3
ksi/in. (8.0 MPalffi) and 2.75 ksi/in. (3.0 MPalffi) , respectively23.
At welqed details the R ratio will always be large due to the tensile
re'sidual stress field. An att~mpt to simulate the residual tensile
stresses was made in Ref. 24 for crack growth in A36 steel. This
yielded a ~KTh equal to 3.0 ksi ~. (3.3 MFa/;). There is no other
test data available on the crack growth threshold. Hence a value of
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2.75 ksilin. (3.0 MPa~) appears to provide a lower bound for con-
stant cycle loading.
The stress range, ~crTh' req~ired for crack growth was calcu-
lated for the interior beam (W36X230) primary cover plate details.
Crack shapes were defined by Eq. 15 and bKTh was assumed equal to
2.75 ksi/in. (3.0 MPa~). A plot of ~crTh vs. crack depth is shown in
Fig. 16. For a crack 0.03 in. (0.8 rom) deep, 60Th equals 2.6 ksi
(17.9 MFa). Even at a depth of 0.2 in. (5.1 rom) ~crTh equals 1.9 ksi
(13.1 MFa). The stress history studies at Yellow Mill Pond indicate
that extensive ~atigue cracking would be unlikely to occur if only
those stresses greater than ~crTh based on constant-amplitude tests con-
tributed to fatigue damage. This is particularly true for those beams
in Tables 8 and 9 that were subjected to very few stress cycles greater
than 3 ksi, but have still exhibited detectable cracks (see Table 7).
When random variable loading occurs it appears that tl1ere is
a possibility that a decrease in the crack growth threshold develops.
The tests on small scale beams summarized in Fig. 3 suggest this pos-
sibility. Good correlation existed when all stress cycles were as-
sumed to contribute to fatigue crack growth.
The fatigue life and stress range threshold is very sensi-
tive to the initial crack size. As the initial crack size increases
both the fatigue life and stress range threshold decrease. The small-
est typical crack initiation.sites are caused by slag particles depos-
ited in the melted base and weld metal. Larger crack initiation sites
may result from undercutting and cracking due to improper welding
procedures.
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Environmental assisted fatigue may also contribute, to
the apparent reduction in fatigue strength at Yellow Mill Pond and
the uncertainty in the factors which affect fatigue life. If environ-
mental effects are important, the relationship between crack growth
rate and stress intensity range will not be described by Eqs. 4 and 5.
The environmental fatigue crack growth rate relationship is highly
dependent on frequency. As the frequency decreases the crack growth
rate will increase25 • Environment may also be responsible for a
decrease in the stress intensity range crack growth threshold.
4.3 Fatigue Life Estimates at Yellow Mill Pond, Bridge
In Section 3.3 the root-mean-square and Miner equivalent
stress ranges were estimated based on the 1971 and 1976 strain his-
tory studies. These stresses are listed in Tables 13 and 14. During
the 1971 study, truck counts were conducted simultaneously with the
strain history. The total number of recorded strain events greater
than 0.6 ksi (4.1 MFa) divided by the truck count is listed for each
gage in Table 16. The one-way average daily traffic (ADT) and aver~
age daily trl.lck traffic (ADTT) on span 10 is p"lotted in ¥ig~ 17 for
the years 1958 through 1975. From January 1958 to June 1976 approxi-
mately 259 million vehicles have crossed span 10. The percentage of
trucks in the total traffic fI'ow has remained roughly consta"nt at
13.5 percent during these years. Therefore, approximately 35
million trucks have crossed the eastbound and westbound bridges of
span 10 during the interval between 1958 and 1976.
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If the total number of events per beam is estimated by
multiplying the number of events per truck given in Table 16 by the
total number of trucks, the estimated variable stress cycles vary
between 10 and 35 million cycles up to 1976. The Miner equivalent
stress range for the estimated number of cycles per beam is plotted
in Fig. 18. All of the points plotted in Fig. 18 based on the 1971
study are well below the estimated lO~ver bound fatigue strength. The
1971 measured strain spectrum which suggests that less than one
stress cycle was occurring per truck passage does not appear to be
reasonable. Unfortunately the 1973 study is not complete as the
strain threshold level was about 110 micro-in. lin. The decrease in
frequency of the variable stress spectrum is believed to be due to
multiple presence, stress cycles below the selected threshold level,
or stress cycles occurring at a minimum stress greater than the zero
live load reference level. These data points underestimate the
actual cumulative fatigue damage due to the manner in which the
stress events were recorded.
The oscillograph records from the west end of Beams 3 and 7
in the 1976 study were evaluated using a minimum event stress range
of 0.3 ksi (2.1 MPa). All stress cycles greater than the minimum re-
ference level were considered. A typical ·oscillograph strain trace
is sho\vu in Fig. 19. This figure shows the significance of including
those events which are a result of vibration and dynamic effects.
They contribute significantly when the minimum event stress range is
decreased. The number of events per truck was estimated by dividing
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the events per hour by the number of trucks per hour based on the
1975 average daily truck traffic. The estimated number of events per
truck for Beams 3 and 7 considering smaller secondary stress range
cyc~es were 1.83 and 1.57, respectively. The limited sample acquired
in 1976 suggests that more than one stress cycle 'occurs per vehicle
passage.
The measurements acquired in 1971, 1973, and 1976 were used
to construct a composite stress range spectrum as shown in Fig. 20.
This spectrum would provide an effective Miner's stress range of
approximately 1.9 ksi (13.1 MFa). If each truck crossing the struc-
ture is assumed to result in a single stress cycle, the composite
spectrum would plot as shown in Fig. 21. The poi.nt lies just below
the estimated lower bound fatigue strength.
If more than one stress cycle is assumed to occur as sug-
gested by the few records acquired in 1976, the estimated variable
stress spectrum would plot at 62.8 million cycles using 1.8 events
per truck.
The two deepest cracks in span 10 were found in Beams 3 and
7 of the eastbound roadway. These cracks were 0.5 in. (12.7 rom) deep
at the transverse fillet weld toe. Based on ultrasonic and visual
inspection the shape of these cracks are shown in Fig. 22. The resid-
ual fatigue life was estimated from Eqs. 4 and 6 and Appendix'B. The
crack shape ratio (a/b) for Beams 3 and 7 at a depth of 0.5 in.
(12.7 rom) was 0.133 and 0.167, respectively. The crack shape ratio
for each beam was assumed to remain constant for the balance of its
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fatigue life. The esti.mat.ed number of cycles necessary for the crack
to penetrate the flange using 11iner' s effective stress range of
1.9 ksi (13.1 MFa) for Beams 3 and 7 was 2.1 and 5.8 million cycles,
respectively. If the lower bound crack growth. relationship is used
(Eq. 5) the residual life estimates are 1.2 and 3.2 million cycles.
small.
The expected residual fatigue life in Beams 3 and 7 is
Therefore, complete fracture of the bottom flange for these
beams will occur at between 35 and 63 million cycles depending on
whether or not a single stress cycle or an increased frequency
(estimated 1.8) ;is assumed to occur. These life estimates place the
test point near or beyond the estimated life of the full scale cover-
plated beams (see Fi.g. 21). The results also suggest that no crack
growth threshold exists for this detail when a significant portion of
the stress cycles exceed the estimated constant cycle crack growth
threshold.
It should also be noted that the original casualty girder
failed in 1970 after an accumulated ADTT of approximately 21 million
trucks. No stresses were ever recorded on span 11. However) it is
readily apparent from Fig. 21 tllat if the assumed frequellcy per truck
is 1.8 and the effective stress range were only increased 0.1 to
0.2 ksi (0.7 to 1.4 MFa), that failure would be expected.
The fact that at least three to five large cracks' {i.e. at
least 0.5 in. (12.7 rom) deep} have been observed in several spans
suggests that the results plotted in Fig. 21 are typical for the more
highly stressed beams in the bridge structure. Most of the beams are
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under the more heavily traveled lanes. Furthermore, the fact that
many small cracks hav'e been detected in other beams subjected to
lower levels of stress range further confirms the observation that no
crack growth threshold apparently exists~ Sufficient numbers of
higher stress range events occur {i.e. that exceed the estimated con-
stant cycle threshold of about 2.5 ksi (17.2 MFa)} so that all stress
range events appear to result in fatigue crack propagation.
Work is now underway on the test data acquired at the
Lehigh Canal Bridge and on the 1971 records that were acquired at
;
Yellow Mill Pond so that various methods of" counting stress cycles
can be evaluated. Among the methods being examined are the peak-to-
peak stress range, the rainflow'counting technique and a modified
version of each of these.
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5. PROPOSAL FOR RETROFITTING
5.1 Repair Methods
In the event of large fatigue cracks as have occurred at
Yellow Mill Pond, it is necessary, to repair the fractured girder with
bolted web and flange splice plates. This is an extremely expensive
method of repair. Therefore it is necessary to develop techniques to
improve the fatigue strength and retrofit the fatigue damage at
cover-plated beam weld toes.
The principal methods to improve the fatigue strengh of
welded bridge details are based upon either changing the shapes of the
weldment to reduce the size of the initial discontinuities ~nd the
magnitude of the stress concentration or introducing residual com-
pressive stresses to reduce the effective tensile range. In a study
at Lehigh University the effects of grinding, peening, and gas tung-
sten arc remelting of cover-plated beam weld toes was investigated
for improving fatigue strength and repairing fatigue damage 3 •
Grinding of the weld toe to reduce the size of the initial
discontinuities and severity of the stress concentration had shown
little or no improvement of fatigue strength of fatigue damage mem-
bers 3 • Peening of the weld toe introduces compressive residual
stresses. The full live load stress range is prevented from being
effective in the compressive residual stress region. This method is
effective when very small fatigue cracks exist. It appears reasonable
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to apply for cracks that are not detectable. The gas tungsten arc
process (GTA) removes the nonmetallic intrusions at the weld toe and
reduces the magnitude of the stress concentration by smoothing the
weld termination. Provided that the cracks are not too deep, the
metal around the cracks can be sufficiently melted that after solidi-
fication the cracks will have been removed.
5.2 Retrofitting Schedule
The stresses recorded at Yellow Mill Pond Bridge are similar
to the stresses which have been measured at other cover-plated beam
bridges 9 ,lO,11,12,13,26 in the United States. The maximum stress
ranges at these bridges are summarized in Table 17. Therefore, it is
highly probable that the fatigue cracking which has occurred at the
Yellow Mill Pond Bridge will aso be experienced at other cover-plated
beam bridges in time as the cumulative stress cycle count becomes
comparable.
Consideration should be given to retrofitting cover-plated
beam bridges in the United States which are experiencing more than
1500 ADTT if a fatigue life of 80 to 100 years is expected. A
schedule for retrofitting these bridges is given in Table 18. If a
bridge has been in service for ten years and the ADTT is 5000, then
retrofitting should be completed within the next seven years. Other-
wise the possibility for extensive repairs is much more likely. Peen-
ing or the gas tungsten arc remelt procedure appears to offer economi-
cal methods.
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6. SUMMARY AND CONCLUSIONS
1. A review of existing laboratory data on·cover-plated.peams has
demonstrated that full scale beams are likely to have less
fatigue strength than implied by Category E of the AASHTO Speci-
fication. Work currently undenvay on NCHRP Project 12-15(2) is
intended to define the lower bound for fatigue crack growth of
these full size cover-plated beams.
2. Under constqnt cycle loading small scale cover-plated beams have
a fatigue limit of 4.5 ksi. However when subjected to variable
load cycles which sometimes exceed the constant cycle fatigue
limit, no apparent fatigue limit was observed.
3. Stress history studies 1 ,2 at Yel'low Mill Pond and high cycle
laboratory tests 6 indi'cate that fatigue cracking has occurred at
stresses which are below the assumed fatigue crack threshold
which was developed from the constant-amplitude tests of small
scale beams. Full scale cover-plated beam bridges subjected to
random variables stress range cycles will eventually crack if
subjected to sufficient numbers of stress cycles. Stress cycles
below the constant cycle fatigue limit appear to contribute to
crack growth when any stress cycles in the s~ress spectrum exceed
the crack growth threshold. Further studies are ne~ded in tllis
area.
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7. TABLES
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Table 1 Constant-Amplitude Fatigue (NCHRP 12-7)
S
min S Nr
XI03Specimen ksi MPa ksi MPa
eRA-311 10 69~O '8 55.2 2,227
CWA-312 10 69.0 8 55.2 2,693
CWA-313 10 69.0 8 55.2 2.,453
eWB-301 10 69.0 6 41.4 6,317
CRB-311 10 69.0 8 55.2 2,443
C~oJB-312 10 69.0 8 55.2 1,977
CWC-313 10 69.0 8 55.2 2,278
CRC-311 10 69.0 8 55.2 1,989
CWC-312 10 69.0 8 55.2 5,699*
CWC-313 10 69.0 8 55.2 3,409
CTA-311 10 69.0 8 55.2 3,729
CTA-312 10 69.0 8 55.2 3,679
CTA-.313 10 69.0 8 55.2 3,218
*Crack at top of weld
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Table 2 High Cycle Constant-Amplitude Fatigue (W14X30)
S
min S 'Nr
X103Specimen ksi MPa ksi }1Pa
.CPA-321a 10 69.0 4 27.6 100,000*
CPA-321b 10 69.0 4 27.6 100,000*
CPA-322a 10 69.0 4 27.6 100 000*. ,
CPA-322b 10 69.0 4 27.6 100,000*
CPA-341a 10 69.0 4.6 31.7 100,000*
CPA-34lb 10 69.0 4.6 31.7 100,000*
CPA-342a 10 69.0 4.6 31.7 100,000*
CPA-3lj.2b 10 69.0 4.6 31.7 100,000*
CMA-OOla 9.3 64.1 4.7 32.4 34,930
CMA-OOlb 9.3 64.1 4.7 32.4 37,714
CPA-331a 10 69.0 5 34.5 16,613
CPA-331b 10 69.0 5 34.5 32,506
CPA-332a 10 69.0, 5 34.5 8,451
CPA-332b 10 69.0 5 34.5 47,293
cWB-431a 24 165.5 5 34.5 89,314*
eWB-431h 24 165.5 5 -34.5 89,314*
eTA-OOla 10 69.0 6 41.4 11,418
eTA-OOlb 10 69.0 6 41.4 12,158
CWB-OOla 10 69.0 6 41.4 4,327
CWB-OOlb 10 69.0 6 41.4 12,158
eWB-441a 24 165.5 6 41.4 100,000*
CWB-441b 24 165.5 6 41.4 100,000*
CPA-351a 10 69.0 8 55.2 2,334
CPA-351b 10 69.0 8 55.2 5,006
CPA-352a 10 69.0 8 55.2 4,235
CPA-352b 10 69.0 8 55.2 13,513
~No visable cracks
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Table 3 Constant-Amplitude Fatigue (Full Scale Girders)
Beam
Steel
Type
Beam
Size
S
r
ksi MPa Detail
Bl A514 Welded 8 55.2 1,806 End Weld
BIA A514 Welded 8 55.2 1,134 End Weld
B3 A36 W36X260 8 55.2 2,171 End Weld
B3A A36 W36X260 8 55 .. 2 1,817 Unwelded End
B5 A588 " W36X230 8 55.2 2,013 End Weld
B5A A588 W36X230 8 55.2 2,018 Unwelded End
Note: Welded Beams Flange Thickness 1.5 in. (38.1 rom) .
Nominal Depth
'-40-
36.0 in. (914.4 mrn)
Table 4 Variable-Amplitude Fatigue (NCHRP'12-12)
Beam
s .
m~n
ksi MPa
SrRMS
ksi MPa
SrMINER
ksi MPa
WBC 14106C 10.0 69.0 2.76 19.0 3.0 20.7 103719
WBC 14107C 10.0 69.0 2.76 19.0 3.0 20.7 103720*
WBC 14108C 10.0 69.0 2.76 19.0 3.0 . 20.7 60224
WBC 14106C 15.0 103.4 4.13 28.5 4.51 31.1 21658
WBC 14107C 15.0 103.4 4·.13 28.5 4.51 31.1 21944
WBC 14108C 15.0 103.4 4.13 28.5 4.51 31.1 16986
WBC 1461A 10'.0 69.0 5.51 38.0 6.0 41.4 19813~'~
WBC 1462A 10.0 69.0 5.51 38.0 6.0 41.4 21.822*
WBC 1463A 10.0 69.0 5.51 38.0 6.0 41.4 8440
WBC 3643C 0.0 0.0 5.94 41.0 6.0 41.4 9453
WBC 3644C 0.0 0.0 5.94 41.0 6.0 41.4 3924
WBC 3645C 0.0 0.0 5.94 41.0 6.0 41.4 5724
RCPB 401** 24.0 165.5 4.65 32.1 4.82 33.2 24200
*Cracked but no failure
**All Tests from NCHRP 12-12 except RCPB 401 (Lehigh)
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Table 5 Variab1e-",Amplitude Stress Evellts
Greater than 4.5 ksi (31.0 MPa)
S
min S SrRMS Sr}IINER Nmax
XI0 3Beam ksi MPa ksi MFa ksi MPa ksi :MFa
WEe 14106C 10.0 69.0 16.0 110.3 5.06 34.9 5.08 35.0 7157
WBC 14107C 10.0 69.0 16.0 110.3 5.06 34.9 5.08 35.0 7157*
WEC 14108C 10.0 69.0 16.0 110.3 5.06 34.9 5.08 35.0 4155
WEe 14106C 15.0 103.4 24.0 165.5 6.01 41.4 6.11 42.1 6866
WBe 14107C 15.0 103.4 24.0 165.5 . 6.01 41.4 6.11 42.1 6956
WBC 14108C 15.0 103.4 24.0 165.5 6.01 41.4 6.11 42.1 5385
WEe 146lA 10.0 69.0 22.0 151.7 7.04 48.5 7.27 50.1 10422*
WEe 1462A 10.0 69~O 22.0 151.7 7.04 48.5 7.27 50.1 11478*
WEe 1463A 10.0 69.0 22.0 151.7 7.04 48.5 7.27 50.1 4439
WBe 3643C 0.0 0.0 10.0 69.0 6.38 44.0 6.51 44.9 6835
WEe 3644C 0.0 0.0 10.. 0 69.0 6.38 44.0 6.51 44.9 2837
WEe 3645C 0.0 0.0 10.0 69.0 6.38 44.0 6.51 44.9 4138
RCPB 401** 24.0 165.5 32.0 220.6 5.70 39.3 5.76 39.7 10900
* Cracked but no failure
** All tests from NCHP~ 12-12 except RCPB 401 (Lehigh)
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Table 6 Beam Dimensions
Member
Cover Plates
Top Bottom Size
e.c. of
Bearing
M88 14xl-l/4x64'O" 15xl-l/4xF.L. W36X300 113'7-13/16"
(356x32x19507) (381x32xF. L. ) ( 34940 )
14xlx77 '0"
(356x25x23470)
M84 14xlx65'O" 15xl-l/4x95'O" W36X230 113'6"
(356x25x19812) (381x32x28956) (34595)
14xl-l/8x77'OI1
(356x28x23470)
M86 14x3/4x75'011 W36X280 113 1 6"
(356x19x22860) (34595)
M85 14x7/8x58'6" 15xlx87 '0" W36X280 113'6"
(356x22x17831) (381x25x26518) (34595)
14x3/I.~x7410"
(356x19x22555)
M83 14xl-l/4x64'O" 15xl-l/4xF.L. W36X300 113 r 6"
(356x32x19507) (381x32xF.L.) (34595)
14xlx76'O"
(356x25x23165)
S91 W18X60
892 W18X60
Dimensions in millimeters are listed in brackets.
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Table 7 Inspection History (Span 10)
Eastbound Westbound
Detail Dec 1970 Nov 1973 June 1976 June 1976
lES X X C CV
2EP X CV cv C
2ES X X NC NC
3EP C C cv CV
3ES X X NC CV
4EP C X cv C
4ES X X NC NC
5EP NC X NC NC
5ES X X X X
6EP X X NC NC
'6ES X X X NC
7EP X X NC NA
lWS X X cv CV
2\tJP X X cv C
2WS X X NC NC
3WP C X cv CV
3WS X X CV NC
4wp c X cv c
4wS X X NC NC
5WP C X C CV
5WS X X NC X
6WP X X NC X
6WS X X NC CV
7WP X X CV NA
1f: - Beam No. NA - Not applicable
E - East end of b,eam X - No inspection"
W - West end of beam NC - No indication of cracking
p
- Primary cover plate detail C - Visual indication of
/S
- Secondary cover plate detail cra·ckirlg
cv - Crack verified by
ultrasonic inspection
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Table 8 Stress Events, 1971 (Eastbound Span 10)
End of Cover Plate
Stress Stress CV CV CV C NC
Level ksi (MPa) 2WP 3WP 4wp 5WP 6WP
0 >4.65 0 0 0 0 0
(32.1)
1 4.65
(32.1) 0 0 0 0 0
2 4.20
(29.0) 0 0 0 0 0
3 3.75
(25.9) 0 1 0 0 0
4 3.30
(22.8) 0 6 0 0 1
5 2.85
(19.7) 0 91 2 3 0
6 2.40
(16.5) 9 176 19 34 1
7 1.95
(13.4) 110 897 251 384 55
8 1.50
(10.3) 937 1307 1827 1236 44L~
9 1.05
(7.2) 2154 1947 2542 2221 1013
min 0.60
(4.1)
Total Events 3210 4425 4641 3878 1514
Total Recording Time 33:00 33:00 33:00 33:00 17:00
hr:min
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Table 9 Stress Events, 1971 (Westbound Span 10)
End of Cover Plate
Stress Stress NC CV CV CV C NC
Level ksi (MPa) 5EP 4EP 3EP 2EP lES 3ES
0 >6.0 0 0 0 0 0 0
(41.4)
1 6.0
(41.4) 0 0 0 0 7 0
2 5.4
(37.2) 0 0 0 0 9 0
3 4.8
(33.1) 0 0 0 0 30 0
4 4.2 ;
(29.0) 0 1 1 3 72 0
5 3.6
(24.8) 0 3 2 25 146 17
6 3.0
(20.7) 1 34 8 106 402 96
7 2.4
(16.5) 36 331 127 838 1027 516
8 1.8
(12.4) 682 1946 1244 2654 3064 1184
9 1.2
(8.3) 3551 5127 3756 4807 3839 1527
min 0.6
(4.1)
Total Events 4270 7L~42 5138 8431 8596 3340
Total Recording
Time, hr:min 65:10 63:10 34:10 63:10 45:00 15:10
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Table 11 Stress Events, 1976, S . = 0.6 ksi (4.1 MPa)
rm1U
(Eastbound Span 10)
Stress
, Level
Stress
Itsi 3WP
End of Cover Plate
-----
, 7WP 2EP 3EP
0 >6.0 1 1 1 a
(41.4)
1 6.0
(41.4) 1 0 0 0
2 5.4
(~7.2) 0 1 0 a
3 4.8
(33.1) 0 0 0 0
4 4.2
(29.0) 0 0 0 0
5 3.6
(24.8) 2 1 0 2
6 3.0
(20.7) 6 0 0 5
7 2.4
(16.5) 43 2 1 9
8 1.8
(12.4) 71 13 7 21
9 1.2
(8.3) 246 178 48 95
min 0.6
(4.1)
Total Events 370 196 57 132
Total Recording
Time, hr:min 2:25 2:25 1:03 1:03
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Table 12 Stress Events, 1976, S . = 0.3 ksi (2.1 MPa)
rmln
(Eastbound Span 10)
Stress Stress End of Cover Plate
Level ksi 3WP 7WP
0 >6.0 1 2
(41.4)
1 6.0
(41.4) 0 0
2 5.7
(39.3) 1 0
3 5.4
(37.2) 0 0
4 5.1
(35.2) 0 1
5 4.8
(33.1) 0 0
6 4.5
(31.0) 0 0
7 4.2
(29.0) 0 0
8 3.9
(2609) 0 0
9 3.6
(24 .. 8) 0 0
10 3.3
(22.8) 3 1
11 3.0
(20.7) 3 0
12 2.7
(18.6) 5 0
13 2.4
(16.5) 15 0
14 2.1
(14.5) 29 2
15 1.8
(12.4) 32 0
16 1.5
(10.3) 54 13
17 1.2
(8.3) 94 67
18 0.9
(6.2) 243 122
19 0.6
(4.1) 787 805
min 0.3
(2.1)
Total Events 1267 1013
Total Recording 2:25 2:25
Time, hr:min
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Table 13 Stress Range Based on 1971 Study (Span 10)
Eastbound Bridge
- S'~*S~RMS s* S~~,,<rMI1ffiR iRMS rMINER
ksi ksi ksi ksi
Detail (MPa) (MPa) (MPa) (MPa)
2WP 1.02 1.06 1.06 1.10
(7.03) (7.31) (7.31) (7.58)
3WP 1.54 1.56 1.60 1.61
(10.62) (10.76) (11.03) (11.10)
4WP 1.09 1.13 1.14 1.17
(7.52) (7.79) (7.86) (8.07)
5WP 1.12 1.17 1.16 1.21
(7.72) (8.07) (8.00) (8.34)
6WP 1.02 1.06 1.06 1.10
, (7.03) (7 .31) (7 .31) (7 .58)
Westbound Bridge
* * s**
'k*
SrRMS SrMINER rRMS SrMINER
ksi ksi ksi ksi
Detail (MPa) (MPa) (MPa) (MPa)
2EP 1.32 1.41 1.37 1.46
(9.10) (9.72) (9.45) (10.07)
3EP 1.12 1.18 1.17 1.22
(7.72) (8.14) (8.07) (8.41)
4EP 1.18 1.24 1.22 1.29
(8.14) (8.55) (8.41) (8.89)
5EP 1.04 1.07 1.07 1.11
(7.• 17 ) (7.38) (7.38) (7.65)
lES 1.57 1.74 1.60 1.77
(10.83) (12.00) (11.03) (12.20)
3ES 1.45 1.55 1.48 1.58
(10.00) (10.69) (10.20) (10.89)
* 4 in.(lOl.6 rom) from cover plate
** weld toe stress
-50-
Table 14 Stress Range Based on 1976 Study (Span 10)
Eastbound Bridge
S S1~ S;MINER S *~~ s**rmin rRMS L rRMS rMINER
ksi ksi ksi ksi ksi
Detail (MFa) (MPa) (MPa) (MPa) (MPa)
3WP 0.6 1.38 1.'64 1.41 1.67
(4.14) (9.52) (11.31) (9.72) (11.51)
7WP 0.6 1.29 1.97 1.30 1.98
(4.14) (8.89) (13.58) (8.96) (13. 65)
2EP 0.6 1.37 1.92 1.40 1.95
(4.14) (9.45) (13.24) (9.65) (13.45)
3EP 0.6 1.30 1.44 1.32 1.47
(4.14) (8 .96) (9.93) (9 .10) (10.14)
,
3WP 0.3 0.86 1.11 0.87 1.12
(2.07) (5.93) (7.65) (6.00) (7.72)
7WP 0.3 0.83 1.51 0.84 1.54
(2.07)' (5.72) (10.41) (5.79) (10.62)
*2 in.(50.8 rom) from cover plate
**weld toe stress
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Table 15 Crack Dimensions for Full Scale Cover-Plated Beams
a 2b a 2b
depth length dept11 length
Beam Steel Size in .. in. rom rom
B5 A588 W36X230 0 .. 51 2.41 13,.0 61.2
0 .. 210 0.665 5.33 16.89
0.20 1.42 5.1 36.1
0.025 0.095 0.64 2.41
0.185 0.585 4.70 14.86
0.075 0.445 1.91 11.30
0.010' 0.065 0.25 1.65
0.040 O~130 1.02 3.30
0.010 0.065 0.25 1.65
0.030 0.105 0.76 2.67
0.010 0.045 0.25 1.14
B5A A588 W36X230 0.160 0.550 "4.06 13.97
0.065 0.170 1.65 4.32
0.150 0.620 3.81 15.75
0.245 0.'890 6.22 22.61
0.130 0.455 3.30 11.56 compression flange
0.040 0.110 1.02 2.79
0.38 2.71 9.7 68.8
0.065 0.570 1.65 14.48
B3 A36 W36X260 0.82 13.75 20.8 349.3
All cracks in tension flange except as .noted.
Cover plate thickness ~ 1.0 in,(25.4 mm)
Weld leg size = 0.75 in.(19.1 mm)
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Table 16 Stress Range and Total Cycles Based
on the 1971 Study (Span 10)
Eastbound Bridge
SrRMS SrMINER N
ksi l~si event/ Cycles
Detail (MPa) (MPa) truck ~106
2WP 1.06 1.10 0.41 14.3
(7.31) (7.58)
3WP 1.60 1.61 0.57 19.9
(11.03) (11.10)
4wp 1.14 1.17 0.60 20.9
(7.86) (8.07)
5WP 1.16 1.21 0.50 . 17 .5
'(8.00) (8.34)
6WP 1.06 1.10 0.40 14.0
(7 .31) (7.58)
Westbound Bridge
SrRM:S SrMlNER N
ksi ksi event/ Cycles
Detaj_1 - (MPa) (MPa) truck xlO6
2EP 1.37 1.46 0.58 20.2
(9.45) (10.07)
3EP 1.17 1.22 0.67 23.4
(8.07) (8.41)
4EP 1.22 1.29 0.51 17.8
(8.41) (8.89)
5EP 1.07 1.11 0.29 10.1
(7.38) (7.65)
lES 1.60 1.77 0.82 28.6
(11.0~) (12.20)
3ES 1.48 1.58 0.99 34.5
(10,20) (10.89)
Total trucks 1958-1976 approximately 35 million.
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Table 17 Cover-Plated Beam Stress Range Survey,
Bridge
S
rmax
ksi MPa ft.
Span
m Ref.
Mich. 1 5.1 35.2 79.5 24.2 9
Mich. 2 5.6 38.6 66.0 20.1 9
Mich. 3 4.5 31.0 71.9 21.9 9
Mich. 4 3.9 26.9 58.7 17.9 9
Mich. 5 5.1 35.2 78.5 23.9 9
Penn. I 3.0 20.7 62.3 19.0 13
Penn. 2 1.5 10.3 49.7 15.1 13
Ala. I 7.3 50.3 80.0 24.4 26
Ala. 2 5.3 36.5 55.0 16.8 26
Ala. 3 7.3 50.3 .80.5 24.5 26
Md. 1 1.9 13.1 47.0 14.3 26
Md. 2 4.4 30.3 41.9 12.8 26
Va. 1 3.5 24.1 74.5 22.7 26
Minn. 1 3.8 26.2 38-61-38 11.6-18.6-11.6 26
-54-
ADTT
Table 18 Retrofitting Schedule
Estimated Years to Make Retrofit
Present Bridge Life
5 Years 10 Years 15 Years
1000 No repairs necessary for 100 year life
1500 50 45 40
2000 36 31 26
2500 28 23 18
3000 22 17 12
3500 18 13 8
,,' ."':.:' .
.. :"; .....
~,:.~~. 4-· .,~
4000 15 10 5
5000 12 7 2
5500 10 5 Needs inspection
and retrofit
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APPENDIX A: MATERIAL PROPERTIES
ASTM
A242 Specification
Carbon 0.270% 0.26% max.
Manganese 1.690% 1.30% max.
Phosphorus 0.027%
Sulfur 0.013% 0.063% max.
Silicon 0.236%
Copper 0.385%
,
Chromium 0.041%
Nickel 0.084%
Molybdenum 0.019%
Vanadium 0.002%
Web Flange
Yield Stress, ksi (MFa) 57.2 (394.4) 57.8 (398.5)
Tensile Stress, ksi (MFa) 87.5 (603.3) 95.1 (655.7)
Elongation, % 28 27
CVN 15 ft-lb. (20 joule) -10 (-23.3) 55 (12.8)
transition temp., of COe)
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APPENDIX B: STRESS INTENSITY FACTOR
The fatigue crack growth estimates were based on calcula-
tions of the stress intensity range at ¢ = 90° and applying the rela-
tionship between stress intensity range and crack growth rate (Eq. 4
or 5). The length (2b) of the elliptical cracks was defined as a
function of the crack depth, a.
The stress intensity factor calculations for elliptical
surface cracks were dependent on the four correction factors in Eq. 6.
The crack shape correction factor, FE' was defined by Eq. 11 and 12
where ¢ = 90°. The finite width correction factory FW' was defined
by the following equation.
(Bl)
The stress gradient, FG) and free surface, FS ' correction
factors were obtained' from Ref. 18. The FG decay with crack depth
involves a correlation with the stress decay from an elliptical hole
in an infinite plate. This correlation can be approximated by Eq. 13.
The free surface correction factor, FS ' was defined by a complicated
function of crack shape and stress gradient. A detailed explanation
of FS can be found in Ref. 18.
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APPENDIX C: NOr1ENCLATURE
= crack depth, minor semidiameter
= major semidiameter
= complete elliptical integral of the second kind
elliptical crack front correction
= stress concentration correction
= free surface correction
finite width correction
stress intensity factor
stress intensity range
= threshold stress intensity range
cycles
d . /0
IDlll max
standard error of estimate
= stress concentration factor
S ,/1(5 stress range
r
T = thickness of cover plate
cp
TF thick.ness of flange
Z weld leg size
ct.
1
= percentage of total stress events at a specified stress range
= stress
threshold stress range
= defined in Fig. 15
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